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Understanding the role of disorder and the correlations that exist within it, is one of the defining chal-
lenges in contemporary materials science. However, there are few material systems, devoid of other
complex interactions, which can be used to systematically study the effects of crystallographic conflict
on correlated disorder. Here, we report extensive diffuse x-ray scattering studies on the epitaxially
stabilised alloy U1−xMox, showing that a new form of intrinsically tuneable correlated disorder arises
from a mismatch between the preferred symmetry of a crystallographic basis and the lattice upon which
it is arranged. Furthermore, combining grazing incidence inelastic x-ray scattering and state-of-the-art
ab initio molecular dynamics simulations we discover strong disorder-phonon coupling. This breaks
global symmetry and dramatically suppresses phonon-lifetimes compared to alloying alone, providing an
additional design strategy for phonon engineering. These findings have implications wherever crystal-
lographic conflict can be accommodated and may be exploited in the development of future functional
materials.
The periodicity imbued in a crystallographic lat-
tice has been at the heart of condensed-matter science
for over a century1. Deviations from perfect periodic-
ity and the degree of randomness introduced2,3 is of-
ten ignored by simple models or absorbed into mean-
field approaches. However, there is rapidly growing
understanding4–6 that many phenomena, may only be
understood when one properly embraces the role of
disorder and the correlations within it. Such correla-
tions may be described as locally periodic, coupling to
periodic material properties such as collective atomic
vibrations, electronic states, etc.7 In many functional
materials, from leading ferroelectric8–10 and thermo-
electric candidates11–13 to photovoltaic perovskites14
and ionic conductors15, correlated deviation from per-
fect periodicity plays a pivotal role in governing func-
tionality. This is the purview of disorder engineering;
controlling the disorder within a system to create ma-
terials with new or improved functionality16.
Most elements occupy high-symmetry structures
(fcc, hcp or bcc) where equidistant neighbours provide
an isotropic local environment. However, a number
of elements, for example P, S, Bi and Ga, crystallise
with anisotropic neighbour distances. The intermedi-
ate actinides, U, Np and Pu, are an extreme exam-
ple of this tendency, where a combination of orbital
anisotropy and narrow 5f bandwidth (1−3eV) drives
unique, low-symmetry structures17,18. For example,
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the groundstate of uranium (α-phase) consists of zig-
zag chains that facilitate different bond lengths19.
By organising an anisotropic element, or more gen-
erally any anisotropic basis, onto a high-symmetry
lattice an obvious conflict is created between the lo-
cal environment preferred by the basis and the global
symmetry imposed by the lattice. The central ques-
tion is how the interplay between these two oppos-
ing characters is manifested in the crystal structure
and ultimately the material properties. A subsequent
question is to what extent any effects are tuneable.
A priori one may expect the formation of correlated
disorder, which thrives on symmetry mismatch5, and
the shallow configurational landscape facilitated by a
high-symmetry lattice6.
When addressing these challenges, pseudo-bcc (γ)
uranium transition metal alloys are exemplars due to
the considerable symmetry mismatch between the bcc
lattice and the orthorhombic Cmcm groundstate of
α-uranium19. It is also already known that, within the
γ-field (Fig.1), these systems show evidence of locally
distorted structures at ambient conditions20. This fact
is often missed21–23 as the characteristic signal of lo-
cal correlations are low intensity and only accessible
via diffuse scattering methods3,5,24. Crucially, an in-
depth, systematic study of local correlations in such
systems and their impact on material properties has
been missing.
We have stabilised a series of U1−xMox single-
crystal thin films via epitaxial matching25, designed
to facilitate a high degree of tunability. With exten-
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Fig. 1 Nominal bcc lattice parameter, a0, as a func-
tion of Mo at.%. a0 was determined from the lattice pa-
rameter using the empirical fit (red line) to the data from
Dwight26 (open circles). α, γ and phase separation fields
are highlighted in red, white and blue, respectively. The
first two contain all metastable phases with the indicated
parent structure. The latter contains metastable γ along
with the γ
′
phase, the tetragonal compound U2Mo. 300nm
and 70 nm films are shown as blue and green solid points,
respectively. (Insert) A schematic of the film structure.
sive diffuse x-ray scattering studies, we show that the
conflict created by a mismatch in preferred symmetry
between a basis and the lattice produces a new form
of intrinsically tuneable correlated disorder where ev-
ery atom is displaced, lowering local symmetry, while
maintaining the higher average symmetry imposed by
the lattice. Through grazing incidence inelastic x-ray
scattering experiments, together with state-of-the-art
ab initio modelling, we show how this form of disorder
couples to the phonon dispersion, ultimately affecting
physical properties.
PROBING THE LOCAL ORDER
A composite reciprocal space reconstruction, made
from the three Mo concentrations investigated, is
shown in Figure 2. This clearly shows two types of
diffuse reflections. The stronger of the two at the
N positions, a translation of 〈1/2, 1/2, 0〉p from the bcc
Bragg positions, and the weaker near the H position,
a translation of 〈1, 0, 0〉p. Both diffuse scattering com-
ponents were previously observed in a similar system20
and were attributed to the same origin. However, with
the aid of greatly increased flux, finer q-resolution and
most importantly a systematic series of alloy concen-
trations, we show the diffuse signal comprises of two
distinct sets, originating from different effects. The
two types of diffuse signal show opposite trends with
respect to Mo content, and will be referred to as N
and H, respectively, based on their proximity to the
corresponding symmetry positions in the bcc Brillouin
zone (BZ). Throughout this paper Q will refer to total
momentum transfer such that Q = G+ q where G is
a reciprocal lattice vector and q is a vector within the
relevant first BZ. Reciprocal space coordinates (h, k, l)
will be used throughout, with subscripts p and s in-
dicating parent and superstructure properties, respec-
tively.
Considering the H reflections first, they occupy a
lattice, close to but displaced from the H positions.
There is also significant evolution with Mo concentra-
tion, as shown in the insert of Figure 2, starting with
one broad peak at low concentrations before splitting
into multiple distinct peaks at the highest concentra-
tion. The final state is fully described by a coher-
ent precipitate of U2Mo (see Fig. 1), a chemically
ordered, tetragonal compound (c/a = 2.87) known to
precipitate above 33 at.% Mo27. The signal in the
two lower content samples is attributed to a precur-
sor structure of U2Mo, the exact nature of which is
beyond the scope of this study.
Identification of the H point signal as precipitate,
and not γ phase reflections, as previously suggested20,
allows us to isolate the second set of diffuse reflections,
N, highlighted blue and green in Figure 2. They are
characterized by four key features: exact occupation
of N positions, a prolate ellipsoidal shape, systematic
absences at (h0l)s and a positive relationship between
ks and diffuse intensity. All observed behaviours may
be explained by a local structure formed by atomic
displacements along 〈010〉s with no requirement for
chemical ordering. The resulting structure recovers
a Cmcm symmetry, with anisotropic neighbour dis-
tances reminiscent of the uranium groundstate. The
superstructure is defined by |as| = |cs| = |ap|
√
2
and |bs| = |ap| with four atoms in the unit cell at
± (0, 1/4 + δ, 1/4) and C-face centring assuring that
(hs + ks) must be even. The bcc structure is recov-
ered by setting the displacement magnitude |δ| = 0.
Accounting for all possible domains, this structure de-
scribes all observed N reflections and constitutes a
unique solution.
The distortion which transforms from the parent to
superstructure, shown in Figure 3, may be described
within a frozen phonon framework. The responsible
mode being the TA1 [110]p, with polarization along
2
Fig. 2 Reciprocal space reconstructions of the (hk2)s (left) and (h1l)s (right) planes All three samples
investigated are shown with relevant Mo at.% indicated for each quadrant. A superstructure unit cell with bs ≡ bp
was used for all reconstructions. Reflections are categorized and indexed in the bottom right quadrant, with indices in
superstructure notation. Reflections are indicated in black (parent Bragg peaks), blue (N domain 1), green (N domain
2) and orange (H). Nb buffer reflections appear as doublets outside of the parent bcc reflections. Powder rings arise
from the polycrystalline Nb cap and narrow intense peaks correspond to substrate Bragg reflections, neither of which
are included schematically. The (1¯32)s reflection, marked with an asterisk, is highlighted in all data sets to show mirror
symmetry relations. (Right) Reconstructions for the (h1l)s plane highlighting the evolution of the H type signal. The
H point is marked with a circle. 31 at. % peaks are indexed with U2Mo with c parallel to ap (red) and cp (blue).
the fourfold axis [001]p. Twelve-fold degeneracy pro-
vides six equivalent domains, which are all equally oc-
cupied as evidenced by equal intensity distribution,
to within experimental uncertainty, between equiva-
lent diffuse spots. Crystallographically, this degener-
acy corresponds to the freedom to set bs equivalent to
any parent axis and for each choice there exists two
possible orientational rotations, ±45◦ about bs. Ac-
counting for time reversal this gives 12 diffuse reflec-
tions about each parent Bragg position, one at every
N position, see supplementary information I.
Once mapped onto the superstructure lattice, the
systematic absences and relationship between the dif-
fuse intensity and momentum transfer may be easily
understood by considering the structure factor at the
N position as
|FN (Q)| ∝ f(Q) |sin [2pi (Q · u)]| = f(Q) |sin [2pi (ksδ)]| (1)
where u is the displacement vector and f(Q) is the
average atomic scattering factor. As u = [0δ0]s,
|FN (Q)| couples directly to ks providing a positive
intensity relationship with ks as well as systematic ab-
sences for ks = 0, as observed. For each domain pair
ks is aligned with a different parent axis such that the
true behaviour is hidden when treated within the par-
ent representation. Since |δ| is small, between 0.01
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Fig. 3 Relationship between parent and super-
structures. (a) Orientational relationship (see supplemen-
tary information IV for transformation matrices) between
parent (blue) and superstructure (red) unit cells for one of
six possible domains, with |δ| = 0.1 for clarity, see main
text for details. All atoms in the ‘shear plane’ (highlighted
red) move colinearly with direction of motion indicated by
arrows on plane edge. (b) Top-down view showing the 45◦
relationship between the parent and superstructure. Di-
rectional relationship of TA1[110]p and TA2[110]p mode
included bottom right. (c) Schematic of the atomic mo-
tions in a phonon plane. Blue dashed, and red dotted lines
refer to interatomic bonding in the parent and superstruc-
ture unit cells, respectively.
and 0.03, the intensity reduction at parent Bragg po-
sitions is negligible, see supplementary information II.
It should be noted we observe no evidence for chemi-
cal ordering, which would display the reverse trend —
diffuse intensity decreasing with momentum transfer.
The local superstructure also provides a natural ex-
planation for a prolate ellipsoidal diffuse signal. If one
considers the physical meaning imbued in the super-
structure axes; bs and cs are the directions of atomic
motion and phonon propagation, respectively, which
together compose a ‘phonon-plane’, depicted in Fig-
ure 3c. The third axis, as, is perpendicular to this
plane and combined with bs, may be thought of as
a ‘shear-plane’, highlighted red in Figure 3a, within
which all atomic motions are in-phase and adjacent
planes perform a shearing motion. The long axis of
the diffuse ellipsoid is aligned with as showing the cor-
relations are significantly stronger within, as opposed
to out of, the phonon plane. In the 17 at.% Mo sys-
tem, the correlation lengths (ξ) may be extracted as
58 A˚ and 43 A˚ along bs/cs and as, respectively. Both
the correlation lengths and the magnitude of individ-
ual displacements, proportional to inverse peak width
and integrated area, respectively, display strong tun-
ability with alloy composition. This is clearly demon-
strated by the decrease in area and inverse width for
samples with sequentially greater Mo content, evident
in Figure 2 and explored further in supplementary in-
formation III.
Overall, the system should be thought of in terms
of displacive disorder that lowers the local symmetry,
with correlations governed by rules laid out within a
frozen phonon model. The resulting local structure is
twelve-fold degenerate, maintaining the higher aver-
age symmetry, while recovering anisotropic neighbour
distances reminiscent of α uranium. Hence, it is clear
that the intrinsic conflict created by a mismatch in
preferred symmetry between a crystallographic basis
and the lattice is resolved by the formation of corre-
lated disorder. Globally, the high symmetry bcc struc-
ture is preserved, whereas locally, a significant sym-
metry reduction is allowed. Importantly the observed
state is not considered to be a disordered precursor to
an ordered, low temperature state, as the lattice and
basis symmetries are mutually incompatible. We be-
lieve this constitutes a new form of correlated disorder
where every atom is displaced to form a short-range
superstructure with no evidence of chemical order.
By studying correlations in the alloy, we are also
afforded an insight into the fundamental instability
in pure bcc-uranium (γ), which is only stable above
1045 K28. Therefore, we can confirm that the rele-
vant room temperature instability is in the TA1 [110]p
branch, evaluated at N, as predicted28,29. On cooling
4
Fig. 4 TA[001]p intensity as a function of q along
Γ → H, for 23 at. % Mo. The strong elastic response
at q = 0.15 has been omitted and the lower resolution (see
methods) data, indicated by asterisks, are multiplied by 4
for clarity. Data points are shown as open squares, total
fit as solid curves with the phonon contribution highlighted
by shaded regions. Fitted phonon frequencies are projected
on the plane as grey points with a grey dashed spline as a
visual guide of the dispersion.
the uranium phase pathway passes from γ through
the highly complex β-phase30, before transforming to
the orthorhombic α-phase. The exact γ − β trans-
formation mechanism is unclear. However, our study
indicates that the TA1 mode may play a significant, if
not primary role. This contrasts with the transition
at higher pressures, where γ transforms directly to α
via the TA2 [110]p mode, atomic motion [11¯0]p, as first
proposed by Axe et al.31
ASSESSING DISORDER-PHONON COUPLING
As the underlying periodicity of a system is mod-
ified by the presence of correlated disorder one may
reasonably expect to observe fingerprints of correla-
tions among phenomena that are also periodic in na-
ture. As such we have studied phonon dispersions
for one sample (23 at.% Mo), to investigate the effect
of correlated static distortions on the dynamic prop-
erties. The data were collected in grazing-incidence
inelastic x-ray scattering studies32,33. Representative
constant Q scans along q = [001]p are shown in Figure
4 and the full dispersion in Figure 5.
Our most important result is that, apart from close
to the zone centers (Γ), we observe considerable broad-
ening in the phonon linewidths, which are inversely
proportional to lattice thermal conductivity, as can
be seen in Figure 4. This is consistent with the ob-
servations of Brubaker et al. who report maximum
linewidths of ∼ 20 meV at N for the 20 at.% Mo
system21. Similar effects have been observed in ω
phase alloys34,35, however in such systems broaden-
ing is observed for only part of the dispersion and is
attributed to embryonic regions that provide extra ob-
servable branches. The broadening in our system may
be attributed to two main factors; alloy related effects
and the presence of short-range correlations discussed
above.
In order to isolate the effects of short-range cor-
relations and therefore assess their relative impor-
tance, modelling was performed via ab initio molec-
ular dynamic simulations, a detailed discussion of
which is given in supplementary information V, VI
and by Castellano et al.36 The resulting spectral func-
tion, shown as a colour map in Figure 5, includes
broadening from mass difference as well as interatomic
force constants (IFCs) dependent on both bond type
and length, the latter providing an approximation
for random displacive disorder. Anharmonicity from
phonon-phonon interactions (at 300K) was assessed to
be much less than 1meV and phonon-point defect scat-
tering was assumed to be negligible. As such, the sim-
ulation is assumed to capture all major alloy related
broadening, but no correlation effects. This allows us
to approximate the deconvoluted linewidth shown in
the lower panel of Figure 5 by subtracting in quadra-
ture the modelled width, Γm, from observed widths,
Γo. The deconvoluted linewidths, Γd, show a strong
dependence on phonon branch, direction and energy,
discussed further in supplementary information VII.
However, as evidenced by the excellent agreement be-
5
Fig. 5 Phonon energy and linewidth dispersions. (Top Panel) Experimental (23 at.% Mo) and theoretical
(25 at.% Mo) phonon dispersion curves. Transverse (longitudinal) acoustic modes are shown as blue squares (red
circles) and theoretical results from a virtual crystal approximation are shown as dashed white lines. The full spectral
function is plotted as a log0.6 colour map to rescale the intensity divergence at gamma. All directions are within the
parent BZ. (Bottom Panel) Raw linewidths, Γo, are shown as grey squares (TA) and circles (LA) with deconvoluted
linewidths Γd shown by dashed blue (TA) and red (LA) trendlines. The smoothing methodology is described in
supplementary information VII. Errors were determined by smoothing raw errors through the same algorithm and
are shown as confidence bands.
tween the deconvoluted curves and experimental data,
the alloy contribution is comparatively small for al-
most the entirety of the dispersion. The theoretically
predicted linewidths, which include only alloying ef-
fects, never exceed 2 meV. Given that Γd =
√
Γ2o Γ
2
m
we conclude that, barring the exceptional positions
discussed in supplementary information VII, the ma-
jority of the observed broadening may be attributed
to the presence of correlated displacive disorder.
Nanoscale complexity has been shown to be of
great importance in phonon engineering for emerg-
ing thermoelectrics37, efficiently scattering mid-long
wavelength phonons that are responsible for the ma-
jority of phonon mediated heat transport in alloys38,
and possibly contributing to the destruction of long-
wavelength phonon coherence39. Spontaneous struc-
tural modulations have been observed in numerous
promising candidates11–13,40–42. These systems are
vastly more complex than the binary alloy investi-
gated in our study, often involving chemical ordering
in conjunction with structural distortions, however we
observe similarly extraordinary phonon broadening, in
both magnitude and the proportion of the dispersion
affected. Importantly, we show that the structural ef-
fects vastly exceed that achievable through alloying
alone, even considering the large mass difference be-
tween uranium and molybdenum43. This highlights
that basis-lattice symmetry mismatch is a key ingre-
dient for designing systems with structurally degener-
ate groundstates and strongly suppressing lattice ther-
mal conductivity. We also expect that the intrinsic
tunability imbued in the disorder will be reflected in
phonon lifetimes such that the degree of broadening
will be related to |δ| and ξ.
The phonon energies show good overall agreement
with both theory and earlier experiments21, although
the model is consistently underpredictive, likely due
to the complexity involved in modelling 5f systems.
Concerning detailed comparison between theory and
experiment we highlight two points; further discussion
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is provided in supplementary information VII, VIII
and IX. Firstly, the observed LA-2/3〈111〉p mode is
hardened compared to theoretical predictions. The
softening of this mode is a geometric effect present to
varying extents in all monatomic bcc crystals44. The
mode corresponds to [111]p atomic chains performing
a shearing motion that preserves interatomic distance,
thus producing zero restoring force. The extent of the
softening is determined by the degree of interchain
forces present45. We propose the local correlations
increase interchain forces as sequential atoms along
[111]p distort in antiphase, puckering the chains. The
subsequent hardening has important consequences, es-
pecially when considering γ- (U-Mo) as a potential ad-
vanced nuclear fuel, since this mode determines the ac-
tivation enthalpy for self-diffusion of monovacancies44;
this is discussed further in supplementary information
IX.
Secondly, we observe a loss of longitudinal-
transverse degeneracy at P. Degeneracy is imposed
by bcc symmetry46 however high-symmetry positions
from the parent BZ do not necessarily map onto high-
symmetry positions in the superstructure BZ. As such,
no degeneracy is required at P, leaving a direct finger-
print of the local symmetry reduction. Similar effects
have been predicted for correlated compositional dis-
order, where one observes extra dispersive behaviour
after correlations are introduced7.
OUTLOOK
This work shows a new form of intrinsically tune-
able correlated disorder that arises from the conflict
created by a mismatch in preferred symmetry be-
tween a crystallographic basis and the lattice upon
which it is arranged. We present a unique solution
for the short-range superstructure given by a frozen
TA1 phonon, simultaneously recovering Cmcm sym-
metry, reminiscent of α-uranium, as well as provid-
ing a natural explanation for the prolate ellipsoidal
diffuse signal. Furthermore, by combining grazing
incidence inelastic x-ray scattering and state-of-the-
art ab initio molecular dynamics simulations we dis-
cover strong disorder-phonon coupling. This dramat-
ically suppresses phonon-lifetimes compared to alloy-
ing alone, hardens the LA-2/3〈111〉p mode ubiquitous
to monotonic bcc crystals, and relaxes degeneracy con-
ditions at the P position.
These studies highlight basis-lattice symmetry mis-
match as a likely key ingredient for future phonon
engineering strategies that use nanoscale structural
modulations to efficiently suppress lattice thermal
conductivity in thermoelectric or thermal barrier ma-
terials. Conversely, local conditions must be consid-
ered when designing materials for heat transfer appli-
cations were high thermal conductivity is desired. The
effects are also expected to extend to other periodic
phenomena, electronic structure, spin waves etc. and
in systems supportive of greater |δ| could have signifi-
cant impact on properties that are strongly dependent
on interatomic distance. Of course, these effects are
not limited to alloys or compounds containing the in-
termediate actinides, any element with a low symme-
try groundstate is a promising candidate, technolog-
ically vital examples would be P, S, Bi and Ga. We
believe this new form of correlated disorder, with the
strength of the effects and intrinsic tuneability imbued
in the alloy composition, constitutes a compelling tool
for designing disorder into functional materials.
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Methods
All films in this study were produced by DC magnetron
sputtering in a dedicated actinide sputtering chamber at
the University of Bristol, UK. The film structure utilised
was a refinement on previous work25. Firstly, a 20 nm,
epitaxial [110] Nb buffer was deposited onto commercially
procured 1cm2 a-plane sapphire substrates at 600◦C. This
match is well documented47 and produces high quality, sin-
gle domain, [110] Nb layers which act as both a chemical
buffer, protecting oxygen diffusing from the sapphire sub-
strate into the uranium layer, and as an epitaxial match to
γ-U. A 300 nm alloy layer was then formed by uranium-
molybdenum co-deposition at 800 ◦C where the alloy com-
position was tuned by adjusting the relative sputtering
rates of each material. Films were probed with in situ re-
flection high energy electron diffraction (RHEED) between
stages to check for angle dependant signal characteristic of
epitaxial, single crystal films. Finally, all films were capped
at room temperature with 15 nm of polycrystalline Nb to
prevent oxidation.
All films were characterised via an in-house, copper
source, Philips Xpert XRD. A total of 24 specular and off-
specular reflections were collected for each film and the lat-
tice parameters were determined via linear least squared re-
gression allowing the system orthorhombic freedom. Small
tetragonality was observed in all samples such that the in-
plane parameter was enlarged compared to the out-of-plane
parameters evidencing small amounts of epitaxial clamp-
ing. This effect varies between a 0.8% and 0.4% increase
of the in-plane parameter and is inversely proportional to
Mo content. Accurate Mo content values were determined
from the empirical curve shown in Figure 1 using a relaxed
lattice parameter of the form:√
a2p+b
2
p
2 + cp
2
(2)
where cp lies in-plane and ap and bp are out-of-plane pa-
rameters. This is derived from the cubic requirement for∣∣∣[001]p∣∣∣ = ∣∣∣[110]p /√2∣∣∣ . Rocking curves confirmed a mo-
saic width of 0.5− 1◦ for all samples.
Both x-ray diffuse scattering and grazing incidence in-
elastic scattering (GI-IXS) measurements were performed
at the ID28 beamline at the European Synchrotron Ra-
diation Facility, Grenoble, France48,49 with all studies con-
ducted at room temperature and pressure. The diffuse scat-
tering studies utilised an incident beam energy of 12.65keV
to move away from the Uranium L3 absorption edge. Data
were collected at two detector positions, 19◦ and 48◦, to ac-
cess a sufficiently large portion of reciprocal space. Analy-
sis was performed using a combination of in-house software
and the CrysalisPro analysis suite50.
The GI-IXS technique is one we have used previously
with epitaxial films of UO2
33. The data were collected over
two experiments using Si (999) and Si (888) monochroma-
tor reflections, respectively. These settings correspond to
incident beam energies of 17.794/15.817 keV and experi-
mental resolutions of 3/5.5meV. The data were fitted with
a Lorentzian component to describe the elastic signal and
a damped harmonic oscillator fit for the inelastic compo-
nents; all fitting functions were convoluted with the rele-
vant resolution function. For the linewidth deconvolution
procedure all non-instrumental broadening was assumed to
have a Gaussian profile. The instrument has 9 independent
analysers that allows phonon energies to be determined
over a small q range for one detector position. This ac-
counts for the large point density on the phonon-dispersion
curves, especially when the group velocity
(
dq
dE
)
is small.
The theoretical dispersion curves were calculated using
density-functional theory with the ABINIT package51. A
full account of the theoretical methodology has been pub-
lished by Castellano et al.36 and more discussion is given
in supplementary information VII.
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I. DIFFUSE REFLECTIONS FROM ADDITIONAL SUPERSTRUCTURE DOMAINS
As explained in the main paper the Cmcm superstructure produces 12 diffuse reflections, from 6 domains,
one at every N position on the bcc Brillouin zone (BZ) boundary. In Figure S1 we show the 4 domains not
shown in Figure 2 - main text, namely those with bs equivalent to either ap (red) or cp (blue). It is also
possible to distinguish between reflections that originate from clockwise or anti-clockwise rotations about bs
as only one choice satisfies the condition (hs + ks) = 2n imposed by a C -face centring (where n is an integer).
A further condition within the Cmcm structure is that reflections described by (ks + ls) = 2n coincide with
bcc Bragg positions whereas diffuse peaks are described by (ks + ls) = 2n+ 1. The systematic coincidence of
Cmcm with bcc positions shows the local superstructure is coherent with the global structure. In combination
with Figure 2 - main text, it can now be seen that the positive relationship between intensity and ks is present
for all 6 domains. Hence reflections along the horizontal (fixed ks) of Figure S1 show similar intensities whereas
those along the vertical (increasing ks) show a marked increase in intensity. It should be noted that the same
orientation matrix, which relates the diffractometer motor positions to the unit cell orientation, was used to
construct both Figure 2 - main text and Figure S1, and corresponds to the clockwise domain bs ≡ bp. Hence,
there are no reflections (Bragg or diffuse) from the chosen domain in Figure S1, as this corresponds to a
half-integer plane in the chosen representation.
∗ daniel.chaney@bristol.ac.uk
† phrss@bristol.ac.uk
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Fig. S1 Composite reciprocal space reconstruction of the
(
hk52
)
s plane for different Mo content. The
notation used is the same as for Figure 2 - main text. Red open ellipses overlaid on the data show equivalent points in
each quadrant with the corresponding reflection marked by an asterisk in the schematic (bottom right). In the schematic,
domains with bs ≡ ap are shown in red, and those with bs ≡ cp in blue. Non-integer indices are from one possible bcc
representation, while integer indices correspond to the relevant choice of Cmcm domain. Lighter (darker) red and blue
shading corresponds to clockwise (anti-clockwise) domains, respectively.
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II. MODELLING THE DIFFUSE INTENSITY
Direct comparison between the diffuse and Bragg intensities is difficult as the detector is saturated at
Bragg positions. However, we can determine that the integrated diffuse intensity, as shown in Figure S2 (Fig.
2 - main text) is less than 1% of the relevant Bragg peak. Using a frozen phonon model, we make a rough
calculation of expected intensities. This model accurately captures the systematic absences at ks = 0 and
the positive relationship between intensity and ks, with an approximate dependence of I ∝ k2s modified by
the scattering factor. This contrasts with normal Bragg reflections, including those from U2Mo precipitates,
where scattering decreases with total momentum transfer, Q, due to the scattering factor.
Table S1 gives calculated intensities for all observed reflections in Figure 2 - main text, as well a selection of
extra reflections for |δ| = 0.01. In the absence of a distortion, the bcc Bragg reflections would have a structure
factor of 4, however the deviation for small |δ| is not detectable experimentally. It also must be recognized
that this model takes no account for the finite nature of the correlations, instead treating the system as a
distorted, but perfectly ordered crystal where all reflections are Bragg-like. In practice, the total integrated
intensities predicted here are spread out over the entire diffuse peak as shown in Figure S1. As discussed in
the main text the observation of equal intensity diffuse signal at all N points indicates the domains are equally
distributed, as expected from the degeneracy in the relevant frozen phonon mode. With much thinner films,
strain effects from the substrate/buffer might allow one to selectively reduce the number of domains. This
model makes no attempt to account for chemical ordering, however, as stated in the main text we observe no
sign of this, early work suggesting such ordering did not use single crystals1,2.
We note that Ti exhibits a similar Cmcm (δ) phase with a distorted bcc structure at high pressure
(above 140 GPa)3 indicating that, at these pressures, the tetravalent 3d band structure induces anisotropic
neighbour distances. However, the deviation from bcc in δ-Ti is significantly more robust than the short-range
correlations reported here. They find |δ| = 0.1, compared to 0.01− 0.03 in our system, and a/b and c/b ratios
significantly modified from
√
2.
3
Cmcm (hkl)s bcc (hkl)p sin/λ
(
A˚
−1) |SF| f (Q) I (norm)
2¯02 2¯00 0.293 4.00 0.743 778
4¯02 3¯01¯ 0.464 4.00 0.614 466
1¯12 3¯21
1
2 0.274 0.251 0.760 0.54
3¯12 5¯21
1¯
2 0.402 0.251 0.655 0.37
022 1¯21 0.359 3.97 0.687 628
1¯ 22 (2¯ 2 1¯ ) 3¯2 2
1
2 0 .374 0 .501 0 .676 1.6
2¯22 2¯20 0.415 3.97 0.646 532
3¯ 22 (2¯ 2 3¯ ) 5¯2 2
1¯
2 0 .475 0 .501 0 .606 1.2
4¯22 3¯21¯ 0.549 3.97 0.563 355
1¯32 3¯23
1
2 0.497 0.749 0.593 2.5
3¯32 5¯23
1¯
2 0.577 0.749 0.547 1.95
01 1¯ (110 ) 12 1
1¯
2 0 .180 0 .251 0 .852 0.715
110 121
1
2 0.180 0.251 0.852 0.715
111¯ 110 0.207 3.992 0.824 1000
112¯ 321
1¯
2 0.274 0.251 0.760 0.54
21 1¯ (112 ) 32 1
1
2 0 .274 0 .251 0 .760 0.54
120 (021 ) 12 2
1
2 0 .311 0 .501 0 .727 1 .95
221¯ 322
1
2 0.374 0.501 0.676 1.65
220 121 0.359 3.97 0.687 628
221 122
3
2 0.374 0.501 0.676 1.65
320 (023 ) 32 2
3
2 0 .427 0 .501 0 .637 1 .35
231 (1¯ 32 ) 12 3
3
2 0 .497 0 .749 0 .593 2 .5
332 123
5
2 0.538 0.749 0.569 2.2
331 132 0.549 3.929 0.563 348
330 323
3
2 0.577 0.749 0.548 1.95
431 (1¯ 34 ) 32 3
5
2 0 .613 0 .749 0 .529 1 .75
Table S1 Results from frozen phonon model. Calculations based on an atomic displacement of |δ| = 0.01 along
bs for the clockwise domain with bs ≡ bp, see section IV for transformation matrices. Cmcm and bcc indices are given in
columns one and two, the bcc Bragg positions are bold black, clockwise Cmcm positions in normal font, and anticlockwise
Cmcm positions in italics with correct indices in parentheses. The structure factor, which for diffuse positions depends
only on ks ≡ kp, is given in column four and column five gives the scattering factor for an averaged atom U0.75Mo0.25,
normalized to 1 at sin θ/λ = 0. The top panel contains calculated results for the reflections in Figure 2 - main text. The
lower panel highlights a selection of diffuse positions around their bcc Bragg positions with a focus on higher Q. Final
intensities are normalized to the strongest Bragg reflection I (110)p = 1000 with no Lorentz correction applied. Final
diffuse intensities are divided by 6 to account for the reduction in scattering volume resulting from 6 possible domains.
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III. PARAMETER EXTRACTION FROM DIFFUSE PEAKS
Diffuse peak width and integrated intensity were determined via line profiles extracted from reconstructed
planes such as Figure 2 - main text. Pixel width was determined from the known Bragg reflection spacing. As
explained in the main text, the peak width may be related to the correlation length (ξ) of the superstructure
as the Full Width Half Maximum (FWHM) = 2pi/ξ whereas the integrated intensity is proportional to the
magnitude of the atomic displacement, |δ|, along bs. Given a large enough sample of q-space, and a sufficiently
good signal-noise ratio, it is possible to distinguish between embryonic wave-like distortions (Lorentzian) or
nanodomains with constant |δ| (squared Lorentzian)4, however we do not observe a statistically different fit
between the two functions for our data. A squared Lorentzian function proved a marginally better fit therefore
this form was used for all curves. Figure S2 shows extracted line profiles across the long axis of the (132)s
reflection, highlighted with a blue ellipse in Figure 2 - main text.
An analysis of the line profiles gives real space correlation lengths (for 17 at.% Mo) of ξ = 43 A˚ along as,
and ξ = 58 A˚ along bs and cs. As shown in the lower panel, all correlation lengths decrease with increasing
Mo content. The elliptical eccentricity is also observed to decrease from a maximum of 0.67 with increasing
alloy content. The integrated intensity, proportional to |δ|, drops rapidly with increasing Mo concentration
from a maximum |δ| of between 0.01 and 0.03, equivalent to between 0.03 and 0.1 A˚. These values are in line
with those found for a 20 at.% doped alloy5.
The observation that both the FWHM and integrated intensity decay dramatically with increasing alloy
content highlights the role played by Mo in stabilizing the global bcc structure. We suggest a possible
mechanism, specific to the UMo system, could be broadening of the f -band, through both added d-character
and alloy broadening6, reducing the potential energy gain from a Peierls-like distortion7, however the difference
in orbital shape between d and f elements may also be relevant8. Derived parameters are shown in the lower
panel of Figure S2 from which it can be seen that the integrated area and correlated volume decrease in
tandem. This disagrees with the model proposed by Starikov et al.9, who proposed a fixed displacement
magnitude with decaying correlations for increased Mo content. Ultimately, they suggest the system enters
a quasi-bcc state, where each bcc unit cell contains an atomic displacement, but there exist no correlations
between unit cells. They also predict that a distorted superstructure should only exist over a narrow range of
alloy compositions, ∼ 16 − 18 at.% at 300 K. However, in contradiction with their predictions, we observe a
Cmcm superstructure from 17− 31 at.%. It should be noted that their work was premised on the previously
proposed structure5, however it is unclear if this would explain the discrepancies given the two structures are
remarkably similar.
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Fig. S2 Line profiles across the semi-minor (upper) and semi-major (middle) elliptical axes for the
(132)s reflection. The elliptical axes correspond to b
∗ and a∗ directions, respectively. All three Mo concentrations are
shown: 17.2 at.% (black), 23.3 at.% (dark grey) and 30.9 at.% (light grey). Curves correspond to squared Lorentzian
best fits. Peak intensity is normalized to the 17.2 at.% maximum and all curves are shifted to set the peak centre equal
to zero. Lower panel: Normalized peak area (black) and normalized correlated volume ζ = ξ2b∗×ξa∗ (red) plotted against
Mo concentration. Dotted lines are guides to the eye.
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IV. TRANSFORMATION MATRICES
The relevant matrices for transforming Miller indices from a bcc representation to any one of the 6 possible
positive Cmcm domains and back again are given below, such that
T

h
k
l

p
=

h
k
l

s
and T−1

h
k
l

s
=

h
k
l

p
.
Matrices for time-reversal pairs are obtained by multiplication by −1.
T(bcc−Cmcm) T−1(Cmcm− bcc)
bs ≡ ap bs ≡ ap
clockwise anti-clockwise clockwise anti-clockwise
0 −1 1
1 0 0
0 1 1


0 −1 −1
1 0 0
0 −1 1
 12

0 2 0
−1 0 1
1 0 1
 12

0 2 0
−1 0 −1
−1 0 1

bs ≡ bp bs ≡ bp
clockwise anti-clockwise clockwise anti-clockwise
1 0 1
0 1 0
−1 0 1


1 0 −1
0 1 0
1 0 1
 12

1 0 −1
0 2 0
1 0 1
 12

1 0 1
0 2 0
−1 0 1

bs ≡ cp bs ≡ cp
clockwise anti-clockwise clockwise anti-clockwise
1 −1 0
0 0 1
−1 −1 0


1 1 0
0 0 1
1 −1 0
 12

1 0 −1
−1 0 −1
0 2 0
 12

1 0 1
1 0 −1
0 2 0

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V. THEORETICAL METHODS
The full theoretical details for the lattice dynamics of the bcc U-Mo system have been published recently10.
All calculations used density-functional theory with the ABINIT package11. Concerning the ab initio molecular
dynamics (AIMD) simulations, we used a 4×4×4 supercell of 128 atoms, and the random alloy was modelled
using special quasi-random structure methods12 generated following the method of Van de Walle et al.13 for
a 25 at.% Mo system. The AIMD trajectory was equilibrated during 5− 10 ps.
The finite temperature phonon dispersions and density of states (DOS) were extracted from the AIMD
runs using the Temperature Dependent Effective Potential (TDEP) method14–16. In this method, a set of
forces and positions extracted from the AIMD is fitted on a model harmonic Hamiltonian of the form
H = U0 +
∑
i
p2i
2mi
+
∑
i,j
Θi,juiuj (1)
with mi, pi and ui, the mass, momentum and displacement of atom i, respectively. U0 is the ground-state
energy and Θi,j the second-order effective Interatomic Force Constants (IFC). To model the random alloy
while keeping a small number fitting parameters, the symmetry of the underlying structure is imposed on the
IFC.
Within this constraint, two levels of approximation were considered. In the Virtual Crystal Approximation
(VCA-TDEP), an averaged, ideal crystal is used during the fit. By preserving the symmetries of the underlying
structure, the VCA-TDEP method gives the vibrational properties with standard harmonic formulas. We also
used the Symmetry-Imposed Force Constant (SIFC-TDEP) extension of TDEP, where each atom has its real
mass, and the IFC are type dependent. For more general details see ref. 17, and for a more detailed explanation
of the approximations see ref. 10.
The SIFC-TDEP method breaks the underlying structural symmetry, so the supercell must be considered
to be the unit cell during the phonon extraction. Although this does not affect the phonon-DOS extraction,
the resulting dispersion cannot be compared directly with experimental results. To obtain the theoretical
dispersion shown in the main text, we used the band unfolding method of Ikeda et al.18 In this unfolding
procedure, the spectral function at a given k-point is computed by projecting the supercell phonon dispersion
onto the underlying structure. One should note that with this method, the calculated linewidth broadening is
only due to the variation in mass and IFC’s, neither phonon-phonon interactions (i.e. anharmonic contribu-
tions) nor correlated disorder are included in the estimated linewidth. Anharmonic contributions are present
during AIMD simulations, and are extracted in an effective way using the TDEP method. Via a separate
method we have assessed the linewidth contribution from phonon-phonon interactions to be much less than
1 meV, as expected at room temperature19.
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VI. THEORETICAL PHONON DENSITY OF STATES
Figure S3 shows theoretical phonon-DOS for the bcc U-Mo system, at 900 K, with various Mo concen-
trations. Within the VCA, the averaging of both atomic masses and IFC’s results in an ideal crystal and
consequently, the phonon-DOS display sharp peaks. The inclusion of mass disorder through SIFC separates
the phonon DOS into two broadened frequency domains: a lower frequency domain dominated by uranium
excitations and a higher frequency domain dominated by molybdenum. The broadening of the phonon-DOS
in the SIFC method, as compared to the VCA model, is a direct consequence of considering the mass and IFC
fluctuations present in the alloy. Some of the authors have recently shown that this broadening is responsible
for the stabilization of the γ (bcc) U-Mo phase at 900 K10. The higher energy modes of molybdenum, above
15 meV, are difficult to observe experimentally for a variety of reasons. Firstly, molybdenum is the minor
alloy component and, secondly, molybdenum has both a lower scattering factor compared to uranium, and
much smaller x-ray inelastic scattering cross section due to the relevant weighting by inverse energy.
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Fig. S3 Computed phonon density of states for various U-Mo alloys at 900K. The dashed and full lines are
the DOS computed with the VCA and SIFC methods, respectively. Molybdenum and uranium contributions are shown
in red and blue respectively while the total DOS is shown in green.
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VII. INVESTIGATING THE Q-DEPENDENCE OF LINEWIDTH BROADENING
To probe the q-dependence in the disorder-phonon coupling, we produce a linewidth dispersion as shown
in Figure S4. Here the experimental data have been smoothed using a locally estimated scatterplot smoothing
algorithm to account for the variance introduced when fitting very broad, low intensity phonons. The method
extracts a trend from the raw linewidths (shown in Fig. 5 - main paper). The smoothing algorithm was
applied separately for each branch and each crystallographic direction.
By plotting the linewidths, Γ (q) , in this way, two interesting features emerge. Firstly, the branch identity is
not preserved through the change of direction that occurs at H. LA linewidths become TA linewidths and vice
versa. Such a discontinuity is allowed since phonon lifetimes are a third-order term and have no requirement to
vary smoothly through high symmetry positions. Secondly, as discussed at length in the main text, it can be
clearly seen that for almost the entirety of the dispersion the measured linewidths are greatly in-excess of those
predicted from alloying alone, allowing us to attribute the observed broadening to the presence of correlated
disorder. However, there are two places were this is not true, firstly, near the BZ centre and, secondly, close to
the LA-2/3〈111〉p position. The first case is a consequence of wavelength; collective vibrations are insensitive
to structural modulations with characteristic length scales shorter than their wavelength, and phonons close to
the BZ centre are comparatively long. The second case is more interesting. It is clear that as one approaches
q = 2/3〈111〉p, from either direction, there is a significant decrease in measured LA linewidths towards the
predicted values, until, around the 2/3 position they are coincident. We observe no change in TA linewidths
over the similar region. This suggests that the LA-2/3〈111〉p mode, and to a lesser extent those nearby,
are unaffected by the presence of the correlated disorder. The reason for the minima at this position is
currently unclear; however, it does indicate that this could be an allowed mode in both the global and local
representations. Further inelastic scattering studies are required around this position, ideally with greater
q-resolution, to determine the true minima and allow greater insight.
Regarding general linewidth magnitudes, similarly extraordinary widths were observed by Brubaker et
al.20 Given their study was conducted at 20.3 at.% Mo this is unsurprising as the strength of the correlated
disorder will be greater than the 23 at.% system used in our study. As discussed in the main paper large
phonon linewidths have immediate consequences for the thermal conductivity of a material. However, it is
important to note that this property has two contributions, phononic and electronic. In a metallic system,
like the alloys investigated in this study, the majority of heat will be carried by the free electrons even in the
presence of long-lifetime lattice vibrations. On the contrary, in an electronic semiconductor or insulator, heat
conduction is typically phonon mediated. A good example is UO2 where there has been extensive work on
the phonons that carry thermal energy21. With increasing temperature, phonon lifetimes in UO2 are reduced
by phonon-phonon interactions leading to a decrease in total thermal conductivity. Similarly, any defects, in
particular those added by irradiation, act as scattering centres, broadening the phonons and lowering total
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thermal conductivity22. In contrast, whereas the phononic contribution in our system is dramatically reduced
by both alloying and correlated disorder, the total thermal conductivity is still dominated by the electronic
contribution. This will only increase further with temperature due to the large increase in electron mobility.
To employ the disorder-phonon coupling demonstrated in this paper, and efficiently reduce total thermal
conductivity, one would need to realise a similar level of correlated disorder in a semiconducting or insulating
system; an example would be the work by J. Ma et al. on the thermoelectric system AgSbTe2
23,24.
Fig. S4 Comparison of theoretical and experimental linewidth dispersions. Smoothed experimental LA
and TA linewidths shown as open red circles and blue squares, respectively. Error bars are taken directly from the
unsmoothed data and were determined from an in-house fitting algorithm. Theoretical LA and TA linewidths shown as
open dark grey circles and light grey squares, respectively.
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VIII. TRANSVERSE ACOUSTIC PHONON SOFTENING IN THE VICINITY OF THE H
POSITION
We observe a moderate softening for the TA [001]p mode near the zone boundary, as shown clearly in Figure
S5. This softening was also observed by Brubaker et al. and tentatively attributed to either the metastability
of the bcc phase, strong electron-phonon coupling, or a combination of both20. To evaluate the degree and
origin of the softening we scaled the theoretical dispersion produced by both the virtual crystal approximation
(VCA) (dashed black line) and the symmetry-imposed force constant (SIFC) approach (dotted green line; see
Sec. V, VI & IX), such that the theoretical and experimental results agree in the long-wavelength limit. This
scaling was designed to account for the systematic underprediction observed between theory and experiment
across the entire dispersion in Figure 5 - main text, likely due to the complexities in modelling 5f systems.
The maximum softening may then be extracted as roughly 2 meV by comparing the experimental results
with the VCA prediction. The electronic effects of alloying are captured at the ab initio stage and are therefore
included in both the VCA and SIFC results. However the SIFC approach, which appears to accurately predict
the softening of this mode from q ∼ 0.6 to the zone boundary, also accounts for the spatial fluctuations in
both atomic mass and IFCs that are induced by alloying. This good agreement suggests that the origin of the
softening is a direct alloying effect and, in contrast to the speculation of Brubaker et al.20, is not primarily
driven by either crystal or electronic structure. It should be noted that where the LA and TA modes are
close to degenerate, around q = 0.85 (see Fig. 5 - main text), there is uncertainty in mode assignment when
extracting energies from the spectral function as information on the underlying crystallographic symmetry is
lost when a disordered system is mimicked by a supercell model18.
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Fig. S5 TA softening near the H position. Experimental points are shown as open blue squares with errors
estimated using a threshold 10% increase in the total least squared error. The error in the phonon energies and linewidths
were assumed to be independent. Open black circles are data reproduced from Brubaker et al.20 The predicted TA
dispersion, as given by the VCA method, is shown by a dashed black line, scaled by 1.24 to provide good agreement
with experimental data in the long-wavelength limit. The dotted green line is the estimate from the SIFC method (See
Sec. V, VI and IX), with the anomalous region shown as a dashed green section.
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IX. APPROXIMATING RANDOM DISPLACIVE DISORDER WITH LENGTH DEPENDENT
INTERATOMIC FORCE CONSTANTS
Although the present theory does not include correlated displacive disorder, we can obtain some indication
of the effect random displacive disorder has on the LA-2/3〈111〉p mode. Random disorder is likely to only
affect the dispersion by modulating the IFCs through a random distribution of bond lengths. Therefore, by
allowing the IFCs to be dependent on this parameter, as determined from the fully relaxed AIMD step, we can
approximate this form of static disorder. To do this, we follow the idea of the bond-stiffness vs. bond-length
model of Van de Walle & Ceder25 and introduce a linear dependence of the IFC parameters as a function of
the bond length
a (l) = a0 + a1 (l − l0) , (2)
where l and l0 are the length of the bond in the alloy and the ideal structure, respectively. a (l) is the IFC
coefficient, a0 is the stiffness of the bond at its ideal length l0, and a1 is a coefficient relating the stiffness of the
coefficient to the deviation of the bond length from the ideal structure. To obtain the length-dependent IFC,
the coefficients a0 and a1 are fitted from the AIMD runs, as performed in the usual TDEP method. Figure
S6 shows that after including length dependency, both modes, TA and LA, show increases by roughly 1 meV
for modes that contain uranium, the Mo-Mo modes may also undergo a slight increase. This is consistent
with our assessment that displacive disorder is the main factor in hardening the LA-2/3〈111〉p mode. The
remaining discrepancy between theory and experimental results is attributed to the short-range correlations,
which are not captured theoretically.
As mentioned in the main text, the energy of this mode has important practical ramifications. It is well
established that in bcc metals the energy of this mode may be explicitly linked to the activation enthalpy
of self-diffusion and is dominated by monovacancies26. This may be seen intuitively by considering the case
of a monovacancy occupying the body centered atomic position, as shown in Figure S7. When the mode is
sufficiently soft, such that the amplitude of oscillation exceeds the marked saddle point, the monovacancy may
hop from its central position to the corner position. This form of directly phonon-mediated monovacancy self-
diffusion accounts for the anomalously high diffusion characteristics in bcc metals with significant softening
at the LA-2/3〈111〉p position.
Pseudo-bcc uranium stabilized with Mo, Nb or Zr has been recognized as a potentially better nuclear
fuel than conventional uranium dioxide for over 60 years27,28. This is because at 20 at.% Mo (∼ 9 wt.%) a
metal fuel has a theoretical uranium density 64% higher than UO2, and thermal conductivity that increases,
as opposed to decreases, at high temperatures. The increased uranium density in metal fuels would allow
decreased 235U enrichment, thus reducing proliferation risks, and is ideal for research reactors that aim to
produce intense beams of neutrons. Understanding the diffusion characteristics of a nuclear fuel is important
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Fig. S6 Theoretical spectral function at q = 2/3 [111]p at 300 K. Results inclusive and exclusive of length
dependent interatomic force constants shown as blue and green curves, respectively. The lower energy intensity is formed
from two peaks that correspond to the LA (lowest energy) and TA (higher energy) modes whereas the highest energy
intensity is predominantly due to Mo-Mo modes.
for accurately modelling the behaviour under operating conditions. Figure S7 shows that from the measured
23 at.% phonon dispersion one would expect significant phonon-mediated monovacancy self-diffusion. It is
also clear that by including an approximation of random displacive disorder the model better replicates the
experimental result, underlining the role random displacive disorder plays in hardening the LA-2/3〈111〉p.
However, there still exists a substantial discrepancy that can likely be attributed to short-range correlations.
This highlights the need to develop theoretical tools that can accurately capture the effects of correlated
disorder.
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Fig. S7 Relationship between the activation enthalpy for self-diffusion, Q, in bcc metals and the square
of the LA-2/3〈111〉p frequency,
(
ν2/3
)2
, adapted from Ko¨hler U. & Herzig C.26 Universal scaling is achieved
by normalising Q to the melting temperature Tm and ν2/3 to ν0.1, the latter adjusting for lattice stiffness. Squared
frequency ratios for both our experimental results and different theoretical approaches are shown as coloured spheres.
These data sit on the universal curve by construction and errors are propagated from uncertainty in the linear fit. (Insert)
Schematic bcc unit cell with a central monovacancy, the plane containing the hopping saddle point is highlighted in blue.
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